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http://dx.doi.org/10.1016/j.bgm.201
2214-0247/Copyright ª 2014, TaiwanAbstract This study aimed to elucidate whether subchronic inhalation of particulate mat-
ter (PM10) coal dust induces atherosclerosis in diabetic rats. A total of 32 male Wistar rats,
were randomly divided into eight groups including four nondiabetic groups and four groups of
diabetic rats. These rats were exposed to doses of coal dust equal to 0 mg/m3, 6.25 mg/m3,
12.5 mg/m3, or 25 mg/m3 for 1 hour/day for 28 days. Plasma levels of lipid peroxides were
determined as thiobarbituric acid reactive substance. The levels of circulating endothelial
cells were analyzed histologically. Foam cells formation was analyzed in aorta and tail artery
with Oil Red O staining. Analysis of variance test was used to compare all parameters. Nondi-
abetic rats exposed to coal dust had significantly increased oxidative stress compared to the
control group (p < 0.05). Diabetic rats exposed to coal dust at dose of 25 mg/m3 had signif-
icantly increased oxidative stress compared to that of control diabetic rats (p < 0.05). The
levels of endothelial damage were significantly increased in diabetic rats exposed to coal
dust at doses of 6.25 mg/m3 and 12.5 mg/m3 (p < 0.05) compared to control diabetic rats.
The foam cell counts were significantly increased in the aorta of nondiabetic rats exposed to
coal dust at doses of 6.25 mg/m3 and 25 mg/m3 compared to control rats (p < 0.05), also in
the tail artery at dose of 25 mg/m3. The foam cell counts were significantly increased in the
aorta of diabetic rats exposed to coal dust at doses of 6.25 mg/m3 and 12.5 mg/m3 than thatt of Medical Chemistry and Biochemistry, Medical Faculty, Lambung Mangkurat University, Jalan
an, Indonesia.
@gmail.com (B. Setiawan).
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68 B. Setiawan et al.in control diabetic rats (p < 0.05). Subchronic inhalation of PM10 coal dust induces athero-
sclerosis through oxidative stress and endothelial damage in aorta of nondiabetic and dia-
betic rats.
Copyright ª 2014, Taiwan Genomic Medicine and Biomarker Society. Published by Elsevier
Taiwan LLC. All rights reserved.Introduction
The World Coal Institute estimates that coal will remain a
dominant energy source (i.e., remain at current produc-
tion levels) due to the high price of oil.1 Recent studies
have shown that coal dust induces respiratory as well as
cardiovascular diseases. It was recently demonstrated
that the population residing near the Appalachian coal
mine facilities suffers from a higher rate of cardiovascular
disease (e.g., coronary heart disease, heart attacks).2
Cardiovascular disease is the main complication of dia-
betes mellitus, whereas atherosclerosis is the main
manifestation of diabetic microangiopathy.3,4 Previous
study showed an association between particulate matter
exposure and insulin resistance, cardiometabolic disor-
ders, also increase in blood fasting glucose and HbA1c
levels significantly.5,6 To date, no study has explored the
effect of coal dust on diabetes mellitus vascular compli-
cations. Thus, the mechanism by which diabetes compli-
cations, especially atherosclerosis, are exacerbated by
coal dust exposure is still unknown.
Coal dust produces free radicals7 and increases oxidative
stress in vitro8,9 and in vivo,10e13 which can lead to endo-
thelial apoptosis14 as an initial step of atherogenesis.
Assessing circulating endothelial cells (CECs), mature cells
detached from the vascular intimal layer in response to a
variety of insults, is a novel means of assessing endothelial
damage, with increased counts of CECs being taken to
imply vascular damage.15 Subsequently, endothelial dam-
age provides macrophage cells with access to the sub-
endothelial space. Moreover, low-density lipoprotein (LDL)
oxidation in the subendothelial space induces the trans-
formation of monocytes into foam cells.16
We hypothesize that the inhalation of coal dust induces
the accumulation of particles in the vascular endothelium,
which increases oxidative stress, endothelial damage, and
the formation of foam cells in nondiabetic rats. In diabetic
rats, we found a higher degree of oxidative stress, endo-
thelial damage, and the formation of foam cells compared
to nondiabetic rats. Thus, the main objective of this study
was to determine whether coal dust exposure significantly
increases atherosclerosis through oxidative stress, endo-
thelial damage, and the formation of foam cells in nondi-
abetic and diabetic rats.
Materials and methods
Animals
Thirty-two, male Wistar albino rats, aged 16 weeks, weigh-
ing 160e200 g were used for the present investigation.They were housed in a clean wire cage and maintained
under standard laboratory conditions (temperature
25  2C with a 12-hour dark/light cycle). They were fed a
standard pellet diet and received water ad libitum. The
animals were acclimatized to laboratory conditions for 1
week prior to the experiment.Coal dust preparation
Coal dust was prepared according to our previous studies.17
In order to collect particulate matter 75 (PM75), sub-
bituminous gross coal obtained from coal mining in South
Kalimantan was pulverized using a Ball Mill, Ring Mill, and
Raymond Mill in the Carsurin Coal Laboratories of Banjar-
masin. Subsequently, we filtered PM75 using Mesh Micro-
Sieve (BioDesign, USA) resulting in a coal dust <10 mm of
diameter (PM10). PM10 coal dust was characterized by
scanning electron microscope, X-ray fluorescence, and
X-ray diffraction at the Physics and Central Laboratory,
Faculty of Mathematics and Natural Science, University of
Malang.Induction of diabetes
Diabetes was induced by a single intraperitoneal injection
of a freshly buffered (0.1 M citrate, pH 4.5) solution of
streptozotocin at dose of 60 mg/kg body weight. Tail vein
blood was collected 72 hours after streptozotocin admin-
istration to determine the fasting blood glucose level. Only
rats with fasting blood glucose over 250 mg/dL were
considered diabetic and included in the experiments.18Coal dust aerosolization
A total of 32 male Wistar rats were randomly divided into
eight groups including one nondiabetic group, three groups
for coal dust exposure in nondiabetic rats, one diabetic
group, and three groups for coal dust exposure in diabetic
rats. Doses of coal dust exposure were 6.25 mg/m3,
12.5 mg/m3, and 25 mg/m3 for 1 hour/day for 28 days. The
dose used for this exposure was according to coal dust
concentration in the above ground coal mining area.19 Coal
dust aerosolization was done by coal dust equipment that
was designed and available in Department of Pharma-
cology, Faculty of Medicine, Brawijaya University of
Malang. The principal of this equipment is to provide an
ambient environment containing coal dust which then is
inhaled by the rats. The airstream of this equipment is
1.5e2 L/minute, which mimics an environmental
airstream.20
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At the end of the treatment, the animals in all groups were
anesthetized; the blood samples were then drawn by car-
diac puncture and heparinized. Blood samples were
centrifuged at a speed of 4000g (4 minutes, 4C) to obtain
the plasma. The lungs, aorta, and tail artery were
collected, weighed, and rinsed with physiological saline. All
samples were stored at 80C until analyzed.Lipid peroxidation analysis
Plasma levels of lipid peroxides were determined as thi-
obarbituric acid reactive substance (TBARS) according to
the method of Ohkawa et al,21 based on the reaction of
lipid peroxides with thiobarbituric acid (TBA) at 95C. In
the TBA test reaction, lipid peroxides and TBA react to
form a pink pigment with an absorption maximum at
532 nm. The reaction was performed at pH 2e3 at 95C for
15 minutes. The sample was mixed with 2.5 volumes of
10% (w/v) trichloroacetic acid to precipitate the protein.
The precipitate was pelleted by centrifugation and an
aliquot of supernatant was reacted with 0.67% TBA in a
boiling water-bath for 15 minutes. After cooling, the
absorbance was read at 532 nm. Arbitrary values obtained
were compared with a series of standard solutions (1,1,3,3
tetramethoxypropane). Results were expressed as mM.Circulating endothelial cells analysis
Circulating endothelial cells were analyzed using a histol-
ogy technique adapted from Hladovec and Rossman.22 A
2 mL blood sample was mixed with 0.2 mL sodium citrate
3.8% then centrifuged at 395g at 4C for 20 minutes. The
homogenate then added with 2 mL adenosine diphosphate
as aggregator and centrifuged at 395g at 4C for 20 mi-
nutes. The supernatant was collected then centrifuged at
395g at 4C for 20 minutes. The pellet was resuspended in
0.1 mL NaCl 0.9% and transferred to an Improved Neubauer
counting chamber. The cells were then visualized by light
microscope and evaluated in two counting rooms. The
number of CECs was expressed as cells/1.8 cm2.Foam cells analysis
Foam cells analysis was done in rat aorta and tail artery
frozen section stained with Oil Red O. Foam cells, recog-
nized as macrophages stained with Oil Red O, were visual-
ized by light microscope with 40 magnification. The
number of foam cells formed in each condition was calcu-
lated in triplicate manually and presented as percentage of
total cells.Ethics
This study was approved by the Research Ethics Committee
of the Faculty of Medicine, Brawijaya University, Malang,
Indonesia.Statistical analysis
Data are presented as mean  standard deviation and dif-
ferences between groups were analyzed using one-way
analysis of variance (ANOVA) with SPSS version 15.0 (SPSS
Inc., Chicago, IL, USA). A post hoc test was used if the
result of ANOVA was significant. A p value < 0.05 was
considered statistically significant.
Results
Coal dust characteristics
To confirm the coal dust as PM10, scanning electron micro-
scopy showed the highest diameter of particles to be
<10 mm (in one dimension). Besides that, we also found
particles in nanometer size called nanoparticles. The
morphology of PM10 coal dust was small singlet particles
linked together to form larger aggregate particles.23 X-ray
diffraction showed 36.3% crystallinity with crystal size
177 nm, consisting of illite (potassium aluminum silicate
hydroxide hydrate), viseite (calcium aluminum phosphate
silicate hydroxyde), and cronstedtite (iron silicate hydrox-
yte). The inorganic components of the coal dust were iron
(29.3  0.1%), silicon (29.0  0.2%), calcium
(12.00  0.07%), aluminum (10  0.2%), titanium
(6.31  0.19%), phosphorus (5.90  0.04%), and barium
(1.00  0.09); and several inorganic minerals at concen-
tration <1% including europium (0.70  0.00%), chromium
(0.48  0.04%), nickel (0.41  0.00%), copper
(0.34  0.02%), zinc (0.22  0.03%), vanadium
(0.20  0.02%), and manganese (0.15  0.09%).20
Coal dust in the blood vessels
Hematoxylineeosin staining of lung showed accumulation
of coal dust in the blood vessel. Fig. 1 shows the structure
of lung blood vessel (magnification 100e400); coal dust
spread in erythrocytes indicating coal dust translocation
into lung vascular system.
Effect of PM10 coal dust on oxidative stress
Fig. 2 summarizes the levels of lipid peroxidation as an
oxidative marker in the serum of control and experimental
groups of rats. Nondiabetic rats exposed to coal dust had a
significantly higher TBARS level than control rats (p < 0.05).
The level of TBARS was significantly increased in diabetic
rats compared to nondiabetic rats with or without exposure
to coal dust (p < 0.05). The level of TBARS was significantly
increased in diabetic rats exposed to coal dust at dose of
25 mg/m3 compared to the nonexposed diabetic rats
(p < 0.05).
Effect of PM10 coal dust on endothelial damage
The number of CECs is a marker of endothelial damage. The
number of CECs in the control and experimental groups is
shown in Fig. 3. The number of CECs was not significantly
increased in nondiabetic rats exposed to coal dust
Figure 1 Coal dust accumulation in the lung blood vessels. The histologic structure of lung blood vessel (hematoxylineeosin
staining, light microscope, magnification 100e400). (A) Coal dust in the lung blood vessel (black arrow) between red blood cells
from nondiabetic rats; and nondiabetic rats exposed to coal dust at doses of (B) 6.25 mg/m3; (C) 12.5 mg/m3; and (D) 25 mg/m3.
(E) Coal dust in nonexposed diabetic rats and diabetic rats exposed to coal dust at doses of (F) 6.25 mg/m3; (G) 12.5 mg/m3; and
(H) 25 mg/m3. Coal dust in lung blood vessel indicates the translocation of particulate matter from alveoli into blood vessel.
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was significantly increased in diabetic rats compared to
nondiabetic rats (p < 0.05). The level of CECs was signifi-
cantly increased in diabetic rats exposed to coal dust at
doses of 6.25 mg/m3 and 12.5 mg/m3 (p < 0.05) compared
to that in diabetic rats not exposed to coal dust.
Effect of PM10 coal dust on foam cell count in aorta
The foam cell counts were significantly increased in the
aorta of nondiabetic rats exposed to coal dust at doses of
6.25 mg/m3 and 25 mg/m3 over that in the control ratsFigure 2 Thiobarbituric acid reactive substance (TBARS)
levels in nondiabetic and diabetic rats exposed to coal dust.
Values are presented as mean  standard deviation. a p < 0.05
in comparison with control group. b p < 0.05 in comparison with
normal rats exposed to 6.25 mg/m3 coal dust. c p < 0.05 in
comparison with normal rats exposed to 12.5 mg/m3 coal dust.
d p < 0.05 in comparison with normal rats exposed to 25 mg/m3
coal dust. e p < 0.05 in comparison with diabetic rats. f p < 0.05
in comparison with diabetic rats exposed to 6.25 mg/m3 coal
dust.(p < 0.05). Foam cell counts were significantly increased in
aorta of diabetic rats exposed to coal dust at doses of
6.25 mg/m3 and 12.5 mg/m3 compared to control diabetic
rats (p < 0.05), as shown in Fig. 4.Effect of PM10 coal dust on foam cell counts in tail
artery
Foam cell count was significantly increased in tail artery of
nondiabetic rats exposed to coal dust at dose of 25 mg/m3
compared to control rats (p < 0.05). The foam cell count
was not significantly different in the tail artery of diabeticFigure 3 Circulating endothelial cells (CECs) numbers in
nondiabetic and diabetic rats exposed to coal dust. Values are
presented as mean  standard deviation. a p < 0.05 in com-
parison with control group. b p < 0.05 in comparison with
normal rats exposed to 6.25 mg/m3 coal dust. c p < 0.05 in
comparison with normal rats exposed to 12.5 mg/m3 coal dust.
d p < 0.05 in comparison with diabetic rats.
Figure 4 Foam cell counts in aorta (blue bar) and tail artery
(red bar) of nondiabetic and diabetic rats exposed to coal dust.
Values are presented as mean  standard deviation. a p < 0.05
in comparison with control group. b p < 0.05 in comparison with
normal rats exposed to 6.25 mg/m3 coal dust. c p < 0.05 in
comparison with normal rats exposed to 12.5 mg/m3 coal dust.
d p < 0.05 in comparison with normal rats exposed to 25 mg/m3
coal dust. e p < 0.05 in comparison with diabetic rats. f p< 0.05
in comparison with diabetic rats exposed to 6.25 mg/m3 coal
dust. g p < 0.05 in comparison with diabetic rats exposed to
12.5 mg/m3 coal dust.
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diabetic rats (p > 0.05), as shown in Fig. 4.
Discussion
Prior to exposure, we characterized coal dust using scan-
ning electron microscopy, which demonstrated a diameter
<10 mm at least in one dimension, in morphology of singlet
or aggregate particles, with crystal size 177 nm. We arrived
at two main findings. The first finding concerns the accu-
mulation of PM10 coal dust in pulmonary blood vessel. The
second is the effect of PM10 coal dust on foam cell forma-
tion as a vascular complication of diabetes mellitus.
The accumulation of coal dust in lung blood vessel in-
dicates the potential translocation of the dust from the
alveolar into the circulatory system. The mechanism of
translocation involves the increase in the lung epithelium
permeability induced by oxidative stress. Furthermore, this
process opens up the access of particles into the interstitial
compartment and they continue to pass into the endothe-
lial cells and the blood, and then they are circulated to
several organs.24 Coal dust in nanoparticles is able to
translocate from the lungs into the circulatory system
directly. Although only very small doses of coal dust nano-
particles enter the circulation (1%), the effect in the
targeted organs is caused by large surface particles and the
retention time.25
TBARS is the product of lipid peroxidation as an oxida-
tive stress marker. We found an increase in oxidative stress
in all of the groups, when comparing them with the control
group of nondiabetic rats. Oxidative stress in diabetic rats
with or without coal dust inhalation was significantly higher
than that in the nondiabetic rats. In nondiabetic rats, the
inhalation of coal dust increased oxidative stress in a dose
dependent manner compared to the control group
(p < 0.05). In diabetic rats, coal dust inhalation signifi-
cantly increased oxidative stress when compared to the
control group at doses of 12.5 mg/m3 and 25 mg/m3
(p < 0.05). The coal dust used in this study containedseveral metal redox properties, such as iron (29.3  0.1%),
titanium (6.31  0.19%), chromium (0.48  0.04%), nickel
(0.41  0.00%), vanadium (0.20  0.02%), and manganese
(0.15  0.09%). This active metal content induces lipid
peroxidation by a mechanism that is both hydroxyl radical
dependent and nonhydroxyl radical dependent.26,27 In
addition, hyperglycemia in diabetes mellitus also induces
oxidative stress via several mechanisms, such as nonenzy-
matic glycation, the polyol pathway, and glucose autoox-
idation.28 There is accumulation of oxidative stress in
diabetic rats with the inhalation of coal dust.
CECs are mature cells detached from the intimal
monolayer of the vascular wall. The count of these cells
circulating in the peripheral blood is a biomarker of
vascular damage. Several mechanisms can be related to
endothelial detachment, including apoptosis, mechanical
damage of cells, and protein lysis of the subendothelial
matrix.29,30 Depending on the stress level, a severe degree
of oxidative stress induces apoptosis in endothelial cells.14
We found a significant increase in CECs in diabetic groups
compared to nondiabetic groups without coal dust expo-
sure. This finding indicates that hyperglycemia increases
endothelial damage and detachment. Coal dust increases
endothelial damage in diabetic rats (at doses of 6.25 mg/m3
and 12.5 mg/m3) over that in control diabetic rats. This
finding indicates that active metals in coal dust can damage
endothelial cells may be due to apoptosis, mechanical
damage of cells, protein lysis of the subendothelial matrix,
or oxidative stress. At dose of 25 mg/m3, coal dust de-
creases circulating endothelial cells in diabetic rats to
reach the level of control diabetic rats. This finding in-
dicates that coal dust at this dose inhibits endothelial
detachment in diabetic rats. The mechanism may be due to
an inhibition of aggressive factor in diabetic rats. Free
radicals from coal dust will react with the free radicals
from hyperglycemia to induce the termination (neutrali-
zation) reaction. Our previous studies showed that coal
dust exposure tended to decrease endothelial cells damage
in rats fed a high-cholesterol diet.31
Foam cells are a histologic marker of early atheroscle-
rotic lesions. In this study, we assessed the foam cell for-
mations in large and small arteries of rats. In nondiabetic
rats, coal dust inhalation significantly increased the foam
cell count in the aorta at doses of 6.25 mg/m3 and 25 mg/m3
compared to the control group (p < 0.05). Moreover, when
nondiabetic rats are exposed to 25 mg/m3 coal dust, foam
cells increased in the tail artery compared to the control and
lower exposure dose. These findings indicate that active
metals in coal dust initiate an early lesion of atherosclerosis
in large and small vessels of nondiabetic rats. Increased
oxidation of LDL-cholesterol is a key feature of foam
cells, and transition metals can increase both direct
LDL-cholesterol oxidation and LDL oxidation by mono-
cytes.32,33 Also, previous study have proved that coal dust
increases systemic inflammation.13
In diabetic rats, inhalation of coal dust significantly
increased foam cell counts in aorta at doses of 6.25 mg/m3
and 12.5 mg/m3 compared to the control group (p < 0.05),
but this did not reach statistically significance in the small
artery. Actually, the concentration of collagen and elastin
in the aorta is inversely related to that in the tail artery in
rats. Collagen is lower in the aorta, but higher in the tail
72 B. Setiawan et al.artery.34 Collagen induces progression of atherosclerotic
lesion by serving as a depot of proatherogenic molecules.35
Elastin is an extracellular protein with lower turnover
ratesdalmost 40 years.36 The total alkaline-insoluble
aorta elastin content is significantly reduced in diabetic
compared to control rats.37 The combination of collagen
and elastin content in the aorta, oxidative stress level
related to coal dust exposure (at doses of 6.25 mg/m3 and
12.5 mg/m3), and hyperglycemia, may be the reason for
proatherogenic molecules deposition forming foam cells in
the aorta of diabetic rats.38 At the highest dose, coal dust
inhibited foam cells formation in the aorta or tail artery.
Our previous study showed that coal dust decreases
cholesterol and LDL-cholesterol levels at an exposure dose
of 25 mg/m3, and this effect may contribute to this
finding.39
In conclusion, our study found that subchronic inhalation
of PM10 coal dust induces atherosclerosis through oxidative
stress and endothelial damage in the aorta of nondiabetic
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